Summary Transient phase synchronization of EEG oscillations was reported to be essential for conscious brain activity. However, it has been argued that EEG synchrony is not the only necessary factor, but at least must be accompanied by a sufficient complexity of brain dynamics. Here, we propose that, besides complexity, EEG chaoticity may be another necessary condition for conscious brain functioning. ª
When we perceive an object, the different physical aspects like form, colour and motion are processed by distinct modules of the brain. But how are those aspects internally bound together to one coherent representation? This has been one of the central questions of modern neuroscience. Today, the underlying process may have been identified. Phase synchronization of electrical brain oscillations (EEG) around 40 Hz, socalled gamma activity, was found to enable transient associations of different brain areas (1, 2) . This coupling mechanism has been shown to subserve not only sensory ''feature binding'', but also large-scale integration of cognitive acts (3).
The above finding suggests that brain synchrony may be a neural correlate of consciousness (4). However, brain dynamics are far more complicated than this. Typical unconscious states like deep sleep and anaesthesia are characterized by highly synchronized oscillations, which appear in the low frequent delta range around 2 Hz (5,6). Highly synchronized EEG activity moreover occurs during pathological states like epileptic seizures, which are often accompanied by partial or complete loss of consciousness.
Edelman and Tononi therefore emphasize in the framework of their ''dynamical core'' model that the ability to generate self-entrained, synchronized brain activity is a necessary, but not a sufficient condition for conscious brain functioning (7) (8) (9) . In their opinion, at least a second factor guaranteeing sufficient differentiation of brain dynamics is important, which is complexity. Dynamically, complexity quantifies the number of degrees of freedom, in other words, the number of independent variables of a system (10) .
EEG complexity has a temporal and a spatial aspect. Temporal complexity implies the superposition and coexistence of independent brain oscillations. In this context independent means that the observed brain rhythms are not just harmonics or subharmonics of one fundamental oscillation. However, those brain rhythms may be functionally interrelated. Hippocampal gamma oscillations for example are known to be amplitude modulated by theta waves around 5 Hz (11, 12) . Both, hippocampal theta and gamma rhythms take part and interact in the formation of declarative memories (13) (14) (15) .
The second aspect, spatial complexity, implies that neural activity is not homogeneous, but topographically differentiated throughout the brain. Mathematically, complexity can be quantified by calculation of the socalled correlation dimension (10, 16) . During epileptic seizures temporal and spatial EEG complexity is dramatically reduced (17) (18) (19) causing temporary perceptual, sensory-motor or cognitive dysfunctions. Also in case of unconscious states like deep sleep and anaesthesia both requirements, sufficient temporal and spatial complexity, are not fulfilled. During those states slow waves are predominant on the cost of more high frequent rhythms and the whole cortex is engaged in almost one synchronous oscillation.
The term complexity has become widely known in the context of nonlinear dynamics and deterministic chaos. Although it is commonly accepted that brains are nonlinear systems, evidence for chaotic brain dynamics is controversial and inconclusive (20, 21) . On the conceptual side, however, the model of chaotic EEG dynamics may explain the flexibility and rapid reactivity of brains. Chaotic systems can be immediately directed to transient periodic oscillations by only small perturbations, a feature which is exploited in the field of ''chaos control'' (22) . These so-called unstable period orbits have been suggested to play an important role in brain dynamics (23) . Within this framework the transient waxing and waning of EEG oscillations associated with different neural modes of operation corresponds to unstable period orbits of a chaotic system.
The feasibility of chaos control and the unpredictability of chaotic dynamics are two sides of the same coin. Both are caused by the sensitive dependence on initial conditions, i.e., the dynamical instability which makes up the chaoticity of nonlinear chaotic systems. In case of chaotic dynamics two neighbouring initial states lead to exponentially diverging system evolutions. This sensitive dependence on initial conditions can be quantified for example by calculation of the so-called largest Lyapunov-exponent (24) . But is there any direct evidence that chaoticity might be a neural correlate of conscious brain activity?
Indeed, estimation of nonlinear EEG characteristics like dimensions and Lyapunov exponents revealed a pronounced decrease not only of complexity, but also of chaoticity during unconscious states like deep sleep (25) (26) (27) and anaesthesia (28, 29) , as well as during epileptic seizures (30, 31) . Methods from nonlinear dynamics have been developed for low-dimensional model systems. Since EEG dynamics seem to be high-dimensional (32), estimates of nonlinear characteristics can not be interpreted as a prove for a dynamical hypothesis. However, these findings may be regarded as a tentative hint for the significance of EEG complexity and chaoticity for conscious brain activity.
To summarize, there are obviously more requirements for conscious brain functioning than the ability to generate EEG synchrony. Sufficient dynamical complexity of brain activity, both temporally and spatially, seems to be one more necessary condition. Another crucial condition could be chaoticity. Without chaoticity our brains might be unable to switch immediately between different oscillatory patterns and thereby different modes of operation.
